A B S T R A C T Human diabetics on intermediate and long-acting insulin occasionaly become hypoglycemic during exercise. We have shown previously that during exercise, hypoglycemia did not occur in depancreatized insulin-infused dogs because the increments in glucose production and utilization were proportional and of the same magnitude as in normal dogs. Therefore, to elucidate the mechanism ofthe glucose-lowering effect of strenuous exercise, we measured glucose production and utilization, metabolic clearance of glucose, and serum immunoreactive insulin in postabsorptive depancreatized dogs 8 h after a subcutaneous injection of protamine zinc and crystalline insulin. During rest, plasma glucose was stable, but ranged between hypoglycemia and hyperglycemia. Hyperglycemia was associated with overproduction of glucose, indicating insulin deficiency despite normal or elevated serum immunoreactive insulin. Glucose clearance, as in normal dogs, increased threefold but glucose production increased only marginally (50%) and, consequently, glucose decreased in plasma. The decrease of plasma glucose was directly proportional to the preexercise concentration and production of glucose. The magnitude of inhibition glucose production was not correlated with the serum immunoreactive insulin indicating either that some released insulin was not active or that a moderate immunoreactive insulin increment induced a near-maximal inhibition. It is concluded that in depancreatized dogs injected with protamine zinc insulin, exercise accelerates mobilization of insulin from its injection site presumably because of increased blood and lymph flow. Glucose utilization did not exceed that in normal dogs, but hepatic glucose production failed to increase sufficiently to meet the needs of muscle in exercise.
A B S T R A C T Human diabetics on intermediate and long-acting insulin occasionaly become hypoglycemic during exercise. We have shown previously that during exercise, hypoglycemia did not occur in depancreatized insulin-infused dogs because the increments in glucose production and utilization were proportional and of the same magnitude as in normal dogs. Therefore, to elucidate the mechanism ofthe glucose-lowering effect of strenuous exercise, we measured glucose production and utilization, metabolic clearance of glucose, and serum immunoreactive insulin in postabsorptive depancreatized dogs 8 h after a subcutaneous injection of protamine zinc and crystalline insulin. During rest, plasma glucose was stable, but ranged between hypoglycemia and hyperglycemia. Hyperglycemia was associated with overproduction of glucose, indicating insulin deficiency despite normal or elevated serum immunoreactive insulin. Glucose clearance, as in normal dogs, increased threefold but glucose production increased only marginally (50%) and, consequently, glucose decreased in plasma. The decrease of plasma glucose was directly proportional to the preexercise concentration and production of glucose. The magnitude of inhibition glucose production was not correlated with the serum immunoreactive insulin indicating either that some released insulin was not active or that a moderate immunoreactive insulin increment induced a near-maximal inhibition. It is concluded that in depancreatized dogs injected with protamine zinc insulin, exercise accelerates mobilization of insulin from its injection site presumably because of increased blood and lymph flow. Glucose utilization did not exceed that in normal dogs, but hepatic glucose production failed to increase suf- ficiently to meet the needs of muscle in exercise. INTRODUCTION Diabetics on intermediate and long-acting insulin occasionally become hypoglycemic during exercise. However, the mechanism of exercise-induced hypoglycemia has not as yet been elucidated. We have shown previously that strenuous exercise did not decrease plasma glucose levels in depancreatized dogs infused with crystalline insulin into the portal vein, because the increments in the rates of glucose production (Ra)1 and utilization (Rd) were proportional and of the same magnitude as in normal dogs. During exercise, both in normal and depancreatized dogs, serum immunoreactive insulin (IRI) levels were below normal (1); a low serum IRI is one of the factors which can lead to stimulation of glucose production by the liver. A critical amount of insulin appeared to be essential for the control of glucose uptake in the working muscle because B4 increased only marginally when insulin infusion was discontinued in depancreatized dogs (1) Experimental design. Two experiments (exercise and control, respectively) were performed in each of the five dogs, 8-9 h after food intake and the last subcutaneous crystalline insulin injection into the thigh. Each exercise experiment consisted of (a) a 100-min control resting period, (b) a 60-min interval of treadmill running (100 n/min on a slope of 120), (c) a postrun rest period of 60 min, and (d) a second treadmill run for 45-60 min. For the controls, measurements were made in dogs which had been lying quietly for 5 h, thus providing information about glucose turnover and plasma IRI concentration 8-14 h after the last insulin injection but in the absence of exercise.
Processing of blood samples and tracer methods. The collection and processing of blood samples and the tracer methods have been described in detail previously (1) . Glucose was isolated with the aid of an ion-exchange resin (Ag-2 x 8, Bio-Rad Laboratories, Richmond, Calif.), its plasma concentration was determined by a glucose oxidase method, and the concentration of labeled glucose by liquid scintillation counting. Serum IRI was determined in triplicate using the AmershamSearle Kit (AmershamSearle Corp., Arlington Heights, Ill.). In all experiments, a priming dose (37 ,uCi) of [1-14C] glucose (New England Nuclear, Boston, Mass.) was injected intravenously at the beginning of the initial rest period (t = 0) and a tracer dose (2 ,uCi/ml isotonic saline) of labeled glucose was infused throughout the experimental period at 0.167 ml/min. The rate of glucose production ("rate of appearance", Ra), utilization ("rate of disappearance", Rd), and metabolic clearance (B4 divided by the prevailing concentration of glucose in plasma) were calculated by the method of primed tracer infusion (7) , as modified and substantiated previously (8) (9) (10) . In our previous paper the glucose turnover rates were corrected for recycling of radioactive glucose. In resting, depancreatized insulin-treated dogs, such a correction yielded 17% higher glucose turnover rates, but exercise had only a marginal further effect (7%) on the contribution of recycling to the turnover rates (1) . It was felt that such a small correction was not necessary for the scope of the present paper.
RESULTS
Exercising dogs. Fig. 1 illustrates the metabolic effects of exercise in one representative experiment. During rest, 8 h after insulin injection and feeding, stable hyperglycemia prevailed, and during both exercise periods, plasma glucose decreased (Fig. IA) . A constant infusion of the tracer maintained the concentration of labeled glucose in the steady state during rest but [14C]glucose declined markedly during exercise. It increased in the postrun resting period, and declined again during the second exercise (Fig. 1B) ; the decrease of [14C]glucose corresponded to the increase in the metabolic clearance of glucose (Fig. IE) . The increments in glucose clearance were of the same magnitude in both exercise periods and were comparable to those in normal running dogs (1). Glucose production did not change during the first exercise and increased slightly during the second exercise (Fig. 1C) . The increments in glucose utilization were smaller than the increments in the metabolic clearance; in both periods plasma glucose concentration decreased progressively. Glucose concentration influences the rate of glucose utilization through its mass effect, but does not affect its metabolic clearance (11) . In normal dogs, exercise induced the same increase in both glucose production and utilization (1), whereas in depancreatized dogs maintained on PZ and regular insulin, Mechanism of Exercise-Induced Hypoglycemia plasma glucose fell in four offive animals. (Only a small transient decrease occurred in dog 4, which was hypoglycemic during the rest period.) Glucose concentrations leveled off at 50-60 mg/100 ml. The magnitude of the fall in the glucose concentration was greater when the resting value had been high; a significant positive correlation between the initial glucose levels and its maximum percent decrease in plasma is shown in Fig. 3 . As shown in Fig. 4 Glucose Utilization mg/kg -min 4 The effect of exercise on mean (+SEM) production, utilization, and metabolic clearance of glucose in five depancreatized dogs 8-9 h after injection of insulin and feeding. During the first exercise period glucose production, utilization, and clearance were significantly increased at 35 (P < 0.05), 15 (P < 0.05), and 6 min (P < 0.025), and during the second period at 10 (P < 0.05), 6 (P < 0.025), and 6 min (P < 0.025), respectively.
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R. Kawamori five dogs was the same as in the dog described in Fig. 1 . During both exercise periods, Ra increased to a small extent only, and it did not match the larger increase in Rd. The increments of the metabolic clearance indicate that running had essentially the same effect on glucose uptake by the muscle during both exercise periods. The exercise-induced increments in Ra were larger when the pre-exercise Ra was smaller (Fig. 5 ), but there was no relationship between the resting and exerciseinduced increments of the clearance rates of glucose. Thus, exercise induced a moderate decrease in plasma glucose when glucose levels and Ra were normal, and a precipitous fall when they were high. Fig. 6 illustrates individual serum IRI values in the five exercising dogs. 8 or 9 h after the last injections of insulin, serum IRI was stable (20-40 uU/ml), but increased during the 10 exercise periods. This increase was marked during the first exercise period in three dogs (nos. 1, 2, and 4) and moderate in the remaining two dogs. We have observed previously that mean serum IRI decreased 40%o during strenuous exercise in normal dogs (from 20+3 .ul/ml to 11+2 ,uU/ml) (1) and these values are also shown in Fig. 6 studied, the mean plasma glucose was stable at 290 and 70 mg/100 ml, and the mean IRI at 23 and 37 ,uU/ml, respectively. DISCUSSION Exercise is important in the management of diabetics; increased physical activity can lead to a diminution in insulin requirements and to improvement in glucose tolerance (12) . Some of these effects may be attributed to the redistribution of blood flow during exercise, so that a greater fraction ofcirculating insulin is channeled into the muscle. Exercise-induced hypoglycemia can, however, cause management problems. We have shown that exercise induces a decrease in plasma glucose in depancreatized PZ insulin-injected dogs. IRI rose in plasma indicating that exercise might accelerate mobilization of the hormone from its depot. To illustrate the metabolic effects of excess insulin we compared these data to those previously published in normal and in depancreatized dogs (Fig. 8) 3 ) and production rates of glucose (Fig. 5 ), but not to resting metabolic clearance. It is known that the regulation of glucose production during exercise is multifactorial (1) , and therefore a reduced activity of one or more factors can be compensated by others. Similar Ra increments occurred when plasma immunoreactive glucagon increased or remained unchanged in dogs (1) and humans (13) as well as in humans under circumstances where a decrease in IRI was prevented during exercise (14) . It is surprising, therefore, that Ra was inhibited even when only a moderate amount of insulin was mobilized in our PZ insulin-injected dogs, and when endogenous insulin secretion was only slightly increased in diabetic patients (15) . The sensitivity of the liver to small IRI increments in the depancreatized dogs was perhaps due to unchanged immunoreactive glucagon levels during exercise (1) , because when glucagon was infused into depancreatized resting (11) or exercising dogs (16), much higher IRI increments could not prevent an increase in Ra.
We conclude that exercise induces a decrease in plasma glucose in depancreatized dogs on PZ insulin, because exercise does not suppress but enhances the mobilization of insulin from its injection site. The blood glucose decrease did not result from a larger than normal increase in glucose uptake by muscle, but from a failure of hepatic glucose production to meet the increased energy needs of the exercising muscle. Our preliminary data indicate that a similar mechanism of hypoglycemia occurs also in diabetic patients. When exercising diabetic patients received a constant insulin infusion, glucose tumover increased, but glycemia remained unchanged; however, after a subcutaneous injection of isophane or lente insulin (an insulin preparation more commonly used than PZ insulin) plasma glucose fell because glucose utilization increased and glucose production was suppressed (17) .
